Abstract. Revealing mechanisms of efficient top-down control in eutrophic ecosystems remains a long term challenge in theoretical ecology. In this paper, we revisit the role of environmental heterogeneity, food web structure and shape of the predator functional response in persistence and stabilization of a planktonic system with high nutrient supply. We consider a 1D vertically resolved tri-trophic planktonic food web composed of a primary producer, an intermediate predator and a highly mobile top predator, such as a system of phytoplankton, microzooplankton and copepods. We explore the realistic scenario in which the top predator is omnivorous, i.e. when copepods can feed both on phytoplankton and microzooplankton. We show that the interplay between heterogeneity of the environment due to for instance, a light gradient in the water column, and trophic interaction between species can result in an efficient top-down control which would otherwise be impossible in the corresponding well-mixed system. We also find that allowing the top predator to feed on the primary producer may dramatically impede the coexistence of the three trophic levels, with only two levels generally surviving. The coexistence of all three trophic levels within a wide range of parameters becomes possible only when the top predator exhibits active food source switching behaviour. We also show the phenomenon of bistability in the considered tri-trophic food web: a small initial amount of the top predator should lead to its extinction whereas introduction of a supercritical initial amount will eventually result in establishment of the population. The demonstrated mechanism of top-down control seems to be rather generic and might be a good candidate to explain stability in some other non-planktonic tri-trophic ecosystems.
Introduction
Plankton communities have always been an inspiring paradigm for modelling complex systems in ecology, and explaining the possibility of efficient top-down control of primary producers in planktonic ecosystems under eutrophication (i.e. ecosystems with high concentration in nutrients) ranks among the most intriguing problems. Simple models describing the interaction between zooplankton and phytoplankton in nutrient rich waters predict the emergence of large-amplitude population cycles eventually resulting in species collapse and extinction [50] . On the other hand, the empirical literature provides a large number of case studies where the density of phytoplankton remain relatively low even if the nutrient supply is high [5, 9, 13, 31] . This apparent contradiction between theory and reality is known as the paradox of enrichment [50] , and various mechanisms have been proposed to solve this long standing enigma [2, 25, 40, 42, 51] . The paradox of enrichment is not limited to planktonic ecosystems but is found in several other ecosystems including terrestrial agroecosystems [36] .
Previously, non-homogeneous spatial distribution of organisms, as well as heterogeneity of the environment, in which species interactions take place, have been shown to promote top-down control in eutrophic ecosystems and potentially solve the paradox of enrichment [37, 39, 44] . For instance, in plankton ecosystems vertical gradients of resources such as nutrients or light may be an important factor in reducing and stabilizing large amplitude population cycles [17, 18] . According to the reported scenario, stabilization requires some dispersal of predators (microzooplankton grazers), but the movement of organisms should be sufficiently slow, i.e. small-sized grazers should stay and feed close to the place where they were born, because fast diffusivity of grazers will destabilize the system. We can refer to this type of predator as a 'local' predator. Another recently found stabilizing mechanism involves the fast motion of predators (e.g. herbivorous mesozooplankton) across the entire euphotic zone of the water column and their preferential feeding in locations with high densities of prey [21, 37, 39] . On a demographic timescale the predator population should be described by an integral quantity such as the population size, since we cannot assign an organism to a particular spatial location. Therefore in this case the top-down control is considered to be caused by a 'global' predator.
In realistic planktonic food webs, both local and global types of grazers are usually present [46] , which raises the question of how combining these two types can affect the stabilization and persistence of species. When taking into account fast and slow moving grazers, we can realistically assume that a typical plankton food web is tri-trophic [27, 28] : it includes producers such as phytoplankton, slow moving predators such as microzooplankton and fast displacing higher predators such as copepods. The stability of tri-trophic food chains including local and global predators has recently been explored by Lewis et al 2013 [35] , where the authors found that primary producers can be controlled by grazers, although the phytoplankton density can 'bloom' and have their high values near the surface. However, these findings were obtained using some particular assumptions about the structure of the food web and the formulation of the functional response of the predator. In particular, it was assumed that the top predators can only consume intermediate grazers, and not the primary producers. Although copepods may indeed try to select nutritiously superior microzooplankton [30] , there is a great body of evidence that phytoplankton can be also an important food source for them [6, 22, 27, 29, 40] . Therefore it would be more realistic to consider omnivorous copepods, even if their consumption of phytoplankton may be relatively small. In theoretical ecology such predation is known as 'intragild' predation, and it is a widespread phenomenon in food webs [45] . Another important assumption in [35] was that the spatial distribution of copepods followed info-chemicals released as a result of grazing of phytoplankton by microzooplankton, which may not always be correct [4] .
In this paper, we reconsider these previous results concerning top-down control in tri-trophic eutrophic ecosystems in a heterogeneous environment under eutrophication, by investigating the realistic situation in which a fast moving top predator is omnivorous, and its spatial distribution follows the distribution of organisms of both lower trophic levels. We also explore the role of the parametrization of the functional response of the predators in the persistence and stability of the system. We demonstrate that the interplay between heterogeneity of the environment and the trophic interactions can result in a strong top-down control, which would be otherwise impossible in the same system without space. However, investigation of the model within realistic parameter ranges shows that consumption of phytoplankton by copepods generally results in a collapse of the ecosystem: microzooplankton and copepods cannot coexist together. The coexistence of the three trophic levels becomes possible only after introducing a particular assumption regarding the shape of the functional response of copepods -the functional response should exhibit active switching between food sources. We also find bistability in the system with omnivorous copepods: the successful establishment of copepods in the system requires there to be a supercritical initial number of them.
Model equations
We consider a tri-trophic planktonic food web which consists of phytoplankton P and two types of predators: microzooplankton M and larger predators, copepods Z. These take the role of the primary producer, intermediate predator and top predator in the system, respectively. The variable h describes the depth in the water column; the trophic interactions take place in the upper euphotic zone between the surface (h = 0) and the base of this zone (h = H). The model equations read as follows
where P (h, t) and M (h, t) are the species densities at depth h and time t, whereas Z(t) is the space average density of copepods over the entire euphotic zone; z(h) is the relative local density of copepods, so the local density of copepods at depth h is given by the product of Z and z(h). The model parameters have the following meaning: r is the maximum growth rate and K is the carrying capacity of the phytoplankton, which we include instead of explicitly modelling depletion of nutrients in the water. The growth rate of the phytoplankton is proportional to the light intensity (we assume that the light irradiance is not very high and there is no growth inhibition, see [20] ), which exponentially decreases with depth due to (i) absorbtion by water (which is described by the absorption coefficient φ) and (ii) self-shading by the phytoplankton located above the given depth (which is described by an integral term, with the self-shading coefficient ω). The parameters m, µ and δ are the mortality rates of phytoplankton, microzooplankton and copepods, respectively. The function f P1 is the functional response of microzooplankton; f P2 and f M describe food consumption by copepods. The conversion of grazed phytoplankton into new biomass of microzooplankton is described by γ, whereas phytoplankton and microzooplankton conversion efficiency of copepods are described by ǫ P and ǫ M , respectively.
The plankton system is subject to zero-flux boundary constraints to prevent plankton leaving the considered part of the water column:
To proceed further, we need to parameterise the functional responses of the zooplankton. The functional response of microzooplankton should depend only on the density of phytoplankton. Using the conventional approach, we shall assume the following parametrisation [26] 
where k 1 is the half saturation constant and g is the maximal intake rate.
For comparison with the model with an omnivorous top predator, we shall first consider the simplest scenario, in which copepods only graze on microzooplankton. In this case, the functional responses become
where k 2 is the half saturation constant and β is the maximal intake rate. Parametrization of the functional response of copepods depending on two food sources is a more complicated issue. Overall, there exist a large number of possible parameterisations, each of which has its biological rationale (see [26] , [41] and [48] ). In this paper, we consider two different types of multi-prey functional responses: (i) no switching response and (ii) response with switching.
A no-switching functional response is defined as one where the relative preference of the resources is constant [26] . Here we use the following well-known parametrisation of a no-switching functional responses known as the Disk (Holling type II) equation [22, 43] :
where β 1 and β 2 are the attack rates, k 2 is the half saturation coefficient.
In the functional response with active switching, the food preference of the predator depends on the densities of the two food resources. In this paper, we use the recently suggested parametrisation known as the 'kill-the-winner' functional response given by [56] 
where β 1 , β 2 and k 2 have the same meaning as in (2.4). The formal derivation of parametrization (2.5) is discussed in detail in [56] . Note that the main difference between responses (2.4) and (2.5) is that active switching causes a substantial drop in resource consumption when the relative abundance of this resource is low. We define Models 1,2 and 3 according to the functional responses of the top predator used in each of them: in Model 1 the copepods are not omnivorous, i.e. the functional response is given by (2.3). In Model 2, the functional response is a no-switching functional response parameterized by (2.4). Model 3 is characterized by a functional response with resource switching which is expressed by (2.5) .
Both the primary producers and microzooplankton have limited swimming abilities and are subject to a vertical turbulent diffusion, D. This is described by the corresponding diffusion terms. On the other hand, copepods are highly mobile organisms with swimming speeds which allow them to resist turbulence and quickly adjust their vertical position. Since active movement of copepods occurs on a fast scale compared to their demographic scale, we cannot assign an individual copepod to a fixed horizontal layer in the water column. Following [39] , we describe the spatial distribution of copepods based on the relative distribution z(h), which is the local density of copepods divided by their average density Z. Based on previous empirical demonstrations [21, 34, 38, 39] , we can assume that the relative distribution of copepods follows the distribution of resources across the space, i.e.
where P and M are the space average densities of P and M , respectively. Note that for simplicity, the weights in (2.6) are chosen to be the same as in the above functional responses to reduce the number of independent parameters. This assumption is not critical and one can replace η i with some independent parameters. Note that the above expression for z(h) only holds for Models 2,3. For Model 1, one should remove in this expression the density P since according to the assumptions of this model, copepods do not feed on the primary producers. Alternatively, one can formally set η 1 = 0 for Model 1. Note that there is some indication in the literature that the conversion efficiency of copepods feeding on microzooplankton is often higher than when feeding on phytoplankton [28, 54] . However, the precise ratio between ǫ P and ǫ M is generally unknown. In this paper, we assume that ǫ P = 0.5ǫ M in most of simulations. However, we also consider the scenario when ǫ P = ǫ M . Note that variation of the ratio ǫ P /ǫ M does not greatly affect the main qualitative results of the paper.
The parameter values and ranges considered here are take from the literature; they are summarized in Table 1 . We consider the size of the euphotic zone to be H = 80m. The initial conditions for numerical simulations assumed uniform distributions of phytoplankton and microzooplankton. The unit of plankton density is chosen as µgCl −1 . The models were analyzed numerically using an explicit finite-difference method, where the integral was evaluated using the trapezoidal rule [32] .
Results
Firstly, we briefly consider Models 1,2 and 3 in the case of a well-mixed system, i.e. assuming the ecosystem to be homogeneous. This will allow us to better understand the role of spatial heterogeneity in persistence and stability. The model equations of the corresponding well-mixed systems are formally obtained by removing the diffusion terms and setting φ = 0, ω = 0 and z(h) = 1 (see Appendix A). The resultant model then becomes a system of ODEs and can be studied analytically. We found nontrivial stationary states for all considered models (for Model 3 analytical methods were combined with numerical techniques) and then analyzed the stability of those stationary states within the considered parameter ranges. Since the phytoplankton growth rate in the spatial model varies across the depth, in the corresponding non-spatial model we covered a large range of values of r to make our comparison fair (0 < r < 2). For none of the non-spatial models were we able to find a single set of parameters where a non-trivial stationary state was stable (within the considered parameter range, see Appendix A). Thus stable co-existence of all three trophic levels within a realistic parameter range is impossible in the case of a well-mixed ecosystem. Our numerical simulations also revealed large amplitude oscillations, where the species densities drop to very low values, which would result in eventual population extinction (result not shown here).
Including spatial heterogeneity, however, can result in system stabilization and allow coexistence of all three trophic levels. We shall consider Models 1,2 and 3 separately.
In Model 1, the coexistence of three trophic levels is possible for a supercritical conversion efficiency of copepods ǫ M . Variation of the average species densities are shown in the bifurcation diagrams in Fig.1 . This and all other diagrams have been constructed numerically, by plotting averaged over the euphotic zone population densities for t > 2000, after the initial transients died out. At very low ǫ M (ǫ M < 0.058) copepods cannot get establish in the system and the phytoplankton density is kept low by microzooplankton grazing. For some higher values of ǫ M (0.058 < ǫ M < 0.25), all three trophic levels can coexist, although species densities exhibit temporal oscillations. For ǫ M > 0.25 stable coexistence of all species become possible. An example of the distribution of phytoplankton and microzooplankton across the water column is shown in Fig.2 constructed for ǫ M = 0.4. One can see from the figure that although the system is stabilized, the local density of primary producers may achieve very high values near the surface, which signifies an intensive plankton bloom. The model also exhibits bi-stability, which is explained at the end of the section. In Model 2, where the top predator is assumed to be omnivorous, we found that the coexistence of the three trophic levels to be very restricted. This can be seen from the bifurcation diagram in Fig.3 . We always consider that ǫ P = 0.5ǫ M . At low ǫ M , copepods cannot get established in the system and the primary production is controlled by microzooplankton. The corresponding vertical distribution of the species are shown in Fig.4a . For ǫ M > 0.12 the predation of microzooplankton by copepods results in extinction of the intermediate trophic level with only the primary producer and the top predator surviving in the long term. The vertical profile of phytoplankton is presented in Fig.4b (the distribution of copepods follows that of p(h)). The coexistence of three trophic levels is possible only within a small rage of parameters centred at ǫ M = 0.11: a small increase/decrease of this parameter will result in extinction of either the second or third trophic level. The spatial distributions of all species are shown in Figs.4c,d . A particularly interesting feature here is the unimodal vertical profile of microzooplankton, with a maximum close to h = 18m, whereas the density of phytoplankton exhibits a monotonous decrease with depth. This observation can be explained by the fact that near the surface the density of copepods is so high (due to high concentrations of phytoplankton) that they overgraze the microzooplankton to local extinction. The grazing pressure by copepods drops with depth due to decrease in their own density because the concentration of phytoplankton drops with depth, and this allows microzooplankton to survive at some intermediate depths. The model also exhibits bi-stability, which is explained at the end of the section.
To verify that an omnivorous top predator largely hinders the coexistence of all species in the given tri-trophic food web, we have constructed a larger number of bifurcation diagrams. An insightful example is the set of diagrams in the (β 1 ,β 2 ) plane shown in Fig.5 In Model 3, where the top predator is omnivorous but exhibits active switching, the coexistence of all trophic levels is restored. A typical bifurcation diagram is shown in Fig.6 . In the case where ǫ M (ǫ P = 0.5ǫ M ) is large enough to allow the copepods to survive (ǫ M > 0.17), the coexistence of all species is possible in a stable mode: no oscillations are observed. Interestingly, the corresponding vertical distribution of primary producers (Fig.7) demonstrates much lower phytoplankton densities near the surface as compared to Model 1 (see Fig.2 ), with the difference being more than 3 orders of magnitude, i.e. no bloom is observed. Our extensive numerical simulations show that stable coexistence of all species is observed within a wide range of parameters. In particular, variation of (β 1 ,β 2 ) within the same ranges as in Fig.5 will not result in extinction of any of the trophic level, so the corresponding diagrams would be entirely filled with circles. Thus, active switching of the top predator maintains the entire tri-trophic food web structure.
We have explored the effect of the key parameters in Model 3 on the equilibrium species densities. Fig.8 shows the dependence of the average densities P , M and Z on the parameters δ, φ and ω, which are the mortality rate of copepods, the water absorption of coefficient and the self-shading coefficient, respectively. A gradual increase of δ (due to predation by fish, for instance) would weaken the top predator, resulting in a decrease in its density. This will translate itself into an increase of the densities of the two lower trophic levels. Beyond a critical value of δ the top predator cannot survive and the system becomes a two-level system consisting of the primary producer and the intermediate predator, microzooplankton. A gradual increase of φ (e.g. due to turbidity of water) or self shading coefficient ω would cause a decrease of the average densities of all species. This behaviour can be explained by the fact that an increase in water absorption or the densities of total species results in a drop of the density of the primary producer, which in turn results in a drop of the density of top predator. Due to a decrease of the trophic pressure exserted by the copepods and microzooplankton. Interestingly, in all of the three considered tri-trophic models, we found an interesting phenomenon of bistability. In Figs 1,3 and 6 , the bistability range is denoted by a thick dashed line. For some intermediate values of ǫ P and ǫ M , a successful establishment of the top predator depends on its initial amount in the system. At low initial density the copepods will go extinct (in this case the densities of P and M are the same as for ǫ P = ǫ M =0), whereas a supercritical initial Z can allow the population to persist. The range of bistability was obtained numerically by varying initial value of Z within a large interval.
The existence of bistability can be explained as follows. In the case where the initial amount of top predator is low and the system becomes essentially two-component, including only phytoplankton and microzooplankton. As a result, the vertical distributions of P and M become such that entire food consumption by rare copepods in the water column is smaller than the mortality rate, i.e. their per capita growth rate become negative. As a result, the population of copepods should unavoidably go extinct. On the other hand, a large initial amount of copepods transform the vertical distribution of P and M in such way that overall food intake becomes larger as compared to the system where copepods are rare. For instance, in Models 2 and 3, where copepods are allowed to feed on phytoplankton, the increase in their overall food consumption is mainly because of the release of phytoplankton from the overgrazing by microzooplankton. On the other hand, in Model 1, for a large initial amount of Z, the increase in the overall food intake of copepods is due to re-shaping the distribution of microzooplankton, by increasing the spatial gradients of M (h). As a result, feeding of copepods takes place mainly at depths with the highest densities of microzooplankton, avoiding locations with low food density. We do not show here the corresponding graphs for the sake of brevity.
Discussion and conclusions
Despite the large body of literature on stability in eutrophic ecosystems that has been published since the seminal paper by Rosenzweig [49] , finding reliable mechanisms of efficient top-down control is still in the focus of theoretical ecology. The main challenge in the resolution of this paradox is that there may exist a large number of stabilization mechanisms which vary from ecosystem to ecosystem [51] . On the other hand, several different mechanisms can be present in the same ecosystem. For instance, structuring in the primary producer population and spatial heterogeneity, which have been reported to be stabilizing factors (see [21, 39, 40] ), can simultaneously affect top-down control. The general consensus in tackling the paradox of enrichment is that the initial predator-prey model suggested by Rosenzweig [49] is too simplistic and we need to include more realistic features to adequately represent our ecosystems.
Plankton communities in the ocean or deep lakes possess a combination of particular features which should be taken into account when explaining top-down control in such systems. Firstly, there is always a pronounced resource gradient, i.e. light, for the primary producers, phytoplankton [46] . Secondly, the light gradient in the water column is not static but is highly dynamic due to self-shading by the primary producers, which usually acts as a strong stabilizing factor [40] . Thirdly, some plankton grazers such as copepods can be highly mobile in the vertical direction and quickly adjust their location to feed at depths with high food density [38] , whereas other grazers, such as microzooplankton, have much more limited dispersal abilities and usually feed near the locations where they are born. Finally, interaction between grazers is complex since higher trophic level can be omnivorous and consume both intermediate grazers and primary producers [53] , which is known as an intraguild or intra-trophic predation [45] . Note that the existence of different time scales in planktonic ecosystems may require the use of models based on integro-differential equations [21] .
In the current paper, we revisit the dynamics of a generic tri-trophic plankton model, taking into account the previously noted particularities. In our study, we assume the environment to be eutrophic, thus neglecting depletion of nutrients in the water. The constructed tri-trophic plankton model is still parsimonious but includes realistic assumptions on its spatial and trophic structure. To cover different possible scenarios we considered both an omnivorous and non-omnivorous top predator as well as different types of functional responses (both with and without active switching between food sources).
Our study shows that including space in tri-trophic interactions results in stabilization of the system, which would be impossible in the well-mixed case. This confirms some previous findings on the crucial role of space in the top-down control and stabilization of eutrophic ecosystems [18, 21, 39, 44] . On the other hand, our results (covered by Model 2) show that making the realistic assumption of an omnivorous top predator (copepods) can be result in collapse of one of the trophic levels (either the microzooplankton or mesozooplankton). This occurs in the case where the functional response of copepods is a non-switching response, such as the classical Disk (Holling II) equation [26] , as the parametric range of coexistence between the species in this case is so narrow that it should be considered as unrealistic (see Figs. 3,5) . Introducing the strong assumption of active switching behaviour of copepods (covered by Model 3) can result in the coexistence of the entire food web with the density of primary producers remaining low (see Fig.7 ). This conclusion is comparable with the main results of [28] , who found that active switching promotes coexistence of microzooplankton and copepods. Interestingly, some experimental works have also confirmed that active switching of copepods can stabilize a tri-trophic planktonic system [27] , although these experiments were conducted on such a short time scale that the population dynamics of copepods were neglected.
Empirical observations in the ocean and lakes reveal coexistence between phytoplankton, microzooplankton and mesozooplankton without apparent extinction of any trophic level [17, 27, 46] . Based on our investigations of Models 1,2,3, this signifies that one should expect to see active switching behaviour in the feeding of copepods. Indeed, the use of a non-switching (Holing type II) functional response results in a collapse of either copepods or microzooplankton in models which, is not observed in nature. The existing experimental data provide evidence that some copepods (e.g. Acartia spp.) display a functional response with active switching between microzooplankton and phytoplankton [15, 28, 33] . This can be explained by the existence of two different feeding strategies of grazers: ambush feeding on mobile prey and suspension feeding by filtering of slow moving prey [7, 10, 55] . On the other hand, some other highly abundant copepod genera (e.g. Calanus, Para-and Pseudocalanus) do not exhibit active switching because they implement filter feeding most of the time [27, 55, 57] . Since in a realistic situation we have a mixture of different genera in the mesozooplankton compartment, the question of which type of functional response we should implement in a generic plankton model is still a matter of debate.
The question of why a particular copepod genera follows a particular type of functional response is fundamental to zooplankton ecology, with several different approaches proposed. For instance, based on the generic principles of evolution theory, one can suggest that the current functional responses are the result of long term natural selection. For instance, a functional response with active switching could be more beneficial for the entire population of copepods than a simple Monod-like (Holling type II) response, and the individuals using the more efficient response should over-compete the other copepod individuals. In this paper, we try to gain some preliminary insight into this complicated problem by modelling the outcome of the competition between two copepods species having different types of functional response. Namely, we considered the same tri-trophic model (4) , where the top predator population Z consists of two subpopulations Z 1 and Z 2 , each having a different functional response. We considered the three following combinations: (i) Z 1 is non-omnivorous and Z 2 is omnivorous with a non-switching functional response; (ii) Z 1 is non-omnivorous and Z 2 is omnivorous having a functional response with switching; (iii) Z 1 is omnivorous with a non-switching functional response and Z 2 is omnivorous having a functional response with switching. In each case, we assumed the same half saturation constants and the maximum consumption rates for the functional responses of both subpopulations of copepods.
Numerical simulations showed the following competition outcomes. Populations of omnivorous copepods (with or without active switching) always over-compete the population with a single source functional response. Thus, to have a supplementary food source seems to be beneficial for copepods. On the other hand, competition between omnivorous copepods with and without active switching results in the coexistence of both populations. This occurs mainly because intensive grazing by the subpopulation with the non switching functional response eradicates the intermediate trophic level (microzooplankton) and the resultant system becomes a two-level one. In the case where the maximal consumption rates are different, the winner will be the subpopulation of the copepods having the largest β 1 and β 2 . Thus, our preliminary results indicate that a functional response either with or without switching may be selected. Note that in our simple competition analysis we neglected any potential cost of active switching, and morphological aspects which may not allow certain species to use different strategies. A more thorough analysis should be done elsewhere.
When investigating the models, we found the existence of alternative states in the system depending on the initial species densities: for some intermediate values of copepod efficiencies ǫ P,M the models exhibit bi-stability. Namely, the establishment of copepods in the ecosystem is only possible for a sufficiently large initial population size, whereas a small initial amount of copepods will go extinct. This phenomenon is similar to the well-known strong Allee effect in ecology, when a drop of the population size below a certain critical threshold signifies its imminent extinction [12, 14] . The Allee effect can be the result of a large variety of different ecological mechanisms [52] . In our case, initial supercritical amount of copepods is required to prevent of phytoplankton from overgrazing by microzooplankton or altering the vertical distribution of microzooplankton to enhance the overall intake rate by copepods (such as in Model 1). Interestingly, bistability in vertically distributed plankton ecosystems has been found in some other models [47] .
To conclude, we have found that stability in a spatial tri-trophic plankton system is possible even for an unlimited nutrient load. This solves the paradox of enrichment for planktonic systems having a pronounced vertical depth, although for a sufficiently small H the system becomes well-mixed and topdown control becomes impossible. The coexistence of the three trophic levels requires active switching behaviour by the copepods. We should emphasize, however, that efficient control of phytoplankton can occur in the case where only one type of grazer is present: a 'local' slow moving predator, such as microzooplantkon, or a fast moving 'global' predator, such as copepods. In other words, the simultaneous presence of two predators does not necessarily enhance the top-down control and stabilization. In the case where copepods are not omnivorous but only feed on microzooplankton, phytoplankton bloom occurs near the surface (see Fig.2 ), because the trophic control of primary producers becomes impeded. Moreover, for some ranges of ǫ P and ǫ M the species densities may exhibit oscillations (Fig.1) . Our results show, however, that despite trophic pressure on the intermediate predator by the top predator -which is counterproductive from the point of view of efficient control of primary producers-stabilization of an eutrophic system is still possible. We also argue that the reported mechanism of top-down control should be quite general and could be applied to explain stability in other non-planktonic or even non-aquatic tri-trophic ecosystems. The necessary ingredients are the presence of pronounced environmental heterogeneity, fast movement of the top predator, and active switching of the top predator towards more abundant food sources. A phenomenon similar to self-shading of phytoplankton in the water column can also be seen in nonplanktonic systems. For instance, gradual depletion of a limiting nutrient by the primary producer may occur when there is a permanent flow of this nutrient through part of the environment occupied by this producer. As a result, the density of the nutrient in the direction of the flow will be given by integration of the consumption from the point of entrance to the given spacial location, i.e. similar to the integral term in the equation for P in (4) .
Among further interesting extension of the current research we can mention the following. Our conclusions about the coexistence of the three trophic levels were made based on particular parameterisations of the functional response of copepods: we used the Monod disk equation for a non-switching response and the kill-the-winner parametrisation for the response with an active switching. It is well known, however, that ecological models are very sensitive to the choice of the mathematical formulation of functional responses [1, 11, 23] and the entire dynamics can change for a slightly different parametrization. Thus it would be interesting to verify whether or not the use of different parameterizations (see examples in [26] ) of the same type of response would modify our results. It would be also important to explore the role of spatial heterogeneity of nutrients in the water column in the stability and coexistence of species. Even if the overall amount of nutrients is high and the ecosystem is eutrophic, depletion of nutrients in some parts of the euphotic zone, such as near the surface, and their accumulation in other parts (e.g. near the thermocline) can affect the dynamics [17, 18, 47] . This may require explicit modelling of the nutrient distribution in the water column. Finally, taking into account the impact of higher trophic levels (carnivorous zooplankton or piscivorous fish) on mesozooplankton may possibly ensure the coexistence of the three lower trophic levels, even for copepods with a non-switching functional response. Note, that the influence of higher levels can be modelled implicitly by introducing closure terms [19] . We are going to address the above issues in our future work.
Appendix A
In this section, we analyze the stationary states of the models in the well-mixing case. The model equations become
Note that to simplify analytical expressions we assume here that η i = 1. The non-trivial stationary state (P * > 0, M * > 0, Z * > 0) is determined by the system 0 = rP
For Model 1, the stationary densities P * , M * , Z * are given by (we omit the corresponding algebraic calculation):
where A = r, B = k 1 r − Kr + mK, C = −k 1 rK + mk 1 K + gKM * . For Model 2, stationary densities P * , M * , Z * are given by (we omit the corresponding algebraic calculation)
where A = (ǫ M β 2 − δ)a, B = ǫ P β 1 − δ + (ǫ M β 2 − δ)b, C = (ǫ M β 2 − δ)c − δk 2 with a = −r/(gK), b = 1/(β 2 gK)(−β 2 rk 1 −β 1 γgK+β 2 rK−β 2 mK+β 1 µK) and c = 1/(β 2 gK)(β 2 rKk 1 −β 2 mKk 1 +β 1 µKk 1 ). For Model 3, the equations for the stationary densities P * , M * , Z * can not be found analytically and we numerically solved the corresponding system using Newton's method.
The stability analysis of the system was done by a standard linearization about (P * , M * , Z * ). We do not provide here the corresponding expressions for the elements of the Jacobian matrix for the sake of brevity.
We explore the feasibility of a non-trivial stationary state for each model and in the case the stationary state was positive, we checked its stability. For the considered parameter range we have not found any set of parameters where a non-trivial stationary state was stable.
